GS-9451 is a selective hepatitis C virus (HCV) NS3 protease inhibitor in development for the treatment of genotype 1 (GT1) HCV infection. Key preclinical properties of GS-9451, including in vitro antiviral activity, selectivity, cross-resistance, and combination activity, as well as pharmacokinetic properties, were determined. In multiple GT1a and GT1b replicon cell lines, GS-9451 had mean 50% effective concentrations (EC 50 s) of 13 and 5.4 nM, respectively, with minimal cytotoxicity; similar potency was observed in chimeric replicons encoding the NS3 protease gene of GT1 clinical isolates. GS-9451 was less active in GT2a replicon cells (EC 50 ‫؍‬ 316 nM). Additive to synergistic in vitro antiviral activity was observed when GS-9451 was combined with other agents, including alpha interferon, ribavirin, and the polymerase inhibitors GS-6620 and tegobuvir (GS-9190), as well as the NS5A inhibitor ledipasvir (GS-5885). GS-9451 retained wild-type activity against multiple classes of NS5B and NS5A inhibitor resistance mutations. GS-9451 was stable in hepatic microsomes and hepatocytes from human and three other tested species. Systemic clearance was low in dogs and monkeys but high in rats. GS-9451 showed good oral bioavailability in all three species tested. In rats, GS-9451 levels were ϳ40-fold higher in liver than plasma after intravenous dosing, and elimination of GS-9451 was primarily through biliary excretion. Together, these results are consistent with the antiviral activity observed in a recent phase 1b study. The results of in vitro cross-resistance and combination antiviral assays support the ongoing development of GS-9451 in combination with other agents for the treatment of chronic HCV infection.
T
he NS3 serine protease of hepatitis C virus (HCV), which liberates essential nonstructural proteins from the HCV polyprotein, is required for viral replication (1) and may promote infection by blunting host innate immunity (2) . Inhibitors of the HCV NS3/4A serine protease can induce rapid and substantial reductions in viral load. The NS3 protease inhibitors telaprevir (Incivek) and boceprevir (Victrelis) are separately indicated for use in triple therapy combinations with pegylated alpha interferon (PEG-IFN) and ribavirin (RBV) for treating chronic genotype 1 (GT1) HCV infection. When added to PEG-IFN and RBV, telaprevir and boceprevir independently have increased rates of sustained virologic response (SVR) in GT1 HCV-infected patients (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . However, the standard of care still has many limitations, including a complex treatment regimen, significant drug-drug interaction potential, and adverse effects that can limit tolerability.
There is continued need for novel NS3 protease inhibitors that are well tolerated, have minimal potential for drug-drug interactions, and provide more favorable treatment regimens to improve compliance. GS-9451 is a novel acyclic HCV protease inhibitor being developed for the treatment of GT1 HCV infection. GS-9451 inhibits NS3 protease by binding the active site of the enzyme in a reversible, noncovalent manner (14) . A cocrystal structure of GS-9451 and NS3 protease indicates that the inhibitor makes key contacts with multiple amino acid residues within protease substrate groove, including the S1, S2, S3, and S4 sites (14) . This is in agreement with the location of drug resistance mutations that emerged during a 3-day monotherapy study. Specifically, resistantCarlsbad, CA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 1 U of penicillin (Invitrogen)/ml, 1 g of streptomycin (Invitrogen)/ml, and 0.1 mM nonessential amino acids (Invitrogen). Replicon-containing cell lines were maintained in medium with addition of 0.5 mg of G418 (Invitrogen)/ml unless otherwise noted. MT-4 cells were maintained in RPMI 1640 medium (Gibco) supplemented with 10% FBS. Replicons carrying the NS3 protease gene from patient isolates were generated previously by Qi et al. (24) . Adapted GT2a J6/JFH viruses were generated previously (20) .
Transient transfection. RNA was transcribed in vitro using a MEGAscript kit (Ambion, Austin, TX) and transfected into Huh-Lunet cells using the method of Lohmann et al. (25) .
Replicon assays. Three-day replicon half-maximal effective concentration (EC 50 ) assays were conducted as described previously (22) . Briefly, replicon cells were seeded into 96-well plates at a density of 5 ϫ 10 3 cells per well. Compounds were serially diluted in 100% dimethyl sulfoxide (DMSO) in 3-fold steps and added to cells at a 1:200 dilution. Plates were incubated at 37°C with 5% CO 2 for 3 days. Luciferase expression was quantified in luciferase-encoding replicon cell lines using a commercial luciferase assay (Promega, Madison, WI). NS3 activity was measured in non-luciferase-encoding replicon cell lines using a time-resolved fluorescence resonance energy transfer substrate as described previously (26, 27) . The data were fit to the logistic dose-response equation
c ], and EC 50 s were calculated from the resulting equations as described previously (28) . To determine the concentration of 50% cellular cytotoxicity (CC 50 ) values, cells were seeded, treated, and incubated with compounds in the same manner as described above. Cell viability was assessed using a CellTiter-Glo luminescent cell viability assay (Promega). Relative light units were converted into percentages relative to untreated controls (defined as 100%). CC 50 values were calculated using the same equation as described above.
Infectious virus antiviral activity assays. Lunet-CD81 cells were seeded into 96-well plates and infected with a tissue culture-adapted GT2a virus for antiviral activity assays where NS3 activity was measured as a marker of viral replication as described previously (29) .
In vitro combination studies. Replicon cells were seeded in 96-well plates at a density of 5 ϫ 10 3 cells per well in 100 l of DMEM culture medium, excluding G-418, and incubated overnight. Alternatively, replicon cells were seeded in 384-well plates at a density of 2,000 cells per well in 90 l of DMEM. Compounds were serially diluted in DMSO and added to cells with one compound in the horizontal direction and with the other compound in the vertical direction. A defined set of drug concentrations and ratios was achieved in a final concentration of 0.5% DMSO. The final drug concentration range for each compound was as follows: 0.0004 to 0.312 M for GS-9451, 0.027 to 20 U/ml for IFN-␣, 0.0015 to 6.2 M for RBV, 1.9 ϫ 10 Ϫ5 M to 0.078 M for GS-9190, 1.7 ϫ 10 Ϫ6 M to 4.4 ϫ 10 Ϫ4 M for GS-5885, and 0.007 to 0.4 M for GS-6620. Replicon cells were subsequently incubated at 37°C for 3 days. For individual drug studies (with the exception of RBV), the EC 50 was selected as the midpoint for the concentration range tested. For RBV, which did not have a selective antiviral effect, a top dose of 6.2 M was selected (ϳ3-fold below the concentration that caused the lowest cytotoxicity). After the 3-day incubation, culture medium was removed, and cells were assayed for EC 50 and CC 50 as described above. The data were analyzed using the MacSynergy II program developed by Cross-resistance analysis. Pi-Luc, a bicistronic replicon encoding the firefly luciferase gene (luc) downstream of the polio internal ribosome entry site (IRES) and the GT1b (Con-1) HCV nonstructural genes (NS3 to NS5B) controlled by the encephalomyocarditis virus IRES, was used for transient transfection studies (34) . NS3 and NS5B mutations were introduced into the wild-type (WT) Pi-Luc replicon using a QuikChange II XL mutagenesis kit according to the manufacturer's instructions (Stratagene, La Jolla, CA). Mutations were confirmed by DNA sequencing. Replicon RNAs were transcribed in vitro and transfected into Huh-Lunet cells for determination of susceptibility to GS-9451. GS-9451 was serially diluted in DMSO and tested at a high concentration of 50 M, ranging down to a low concentration of 0.2 nM. The resistance fold change was calculated as a ratio of mutant EC 50 versus wild-type EC 50 .
In vitro metabolic stability. The metabolic stability of GS-9451 was assessed in pooled hepatic microsomes from Sprague-Dawley rats, beagle dogs, cynomolgus monkeys, and humans, as well as cryopreserved Sprague-Dawley rat and human hepatocytes. Hepatic microsomal fractions and components for the NADPH-regenerating system were obtained from BD Biosciences (Woburn, MA). Cryopreserved hepatocytes, hepatocyte thawing medium, and Krebs-Henseleit buffer (KHB) medium were obtained from In Vitro Technologies (Baltimore, MD). All other chemicals were purchased from Sigma-Aldrich or VWR (West Chester, PA).
For microsomal stability measurements, GS-9451 was incubated at a final concentration of 3 M with hepatic microsomes at 0.5 mg of protein/ml in the presence of an NADPH regenerating system. Aliquots of the reaction mixture were taken at different time points up to 60 min, and the concentration of GS-9451 was determined on a Micromass Quattro Premier XL tandem triple quadrupole mass spectrometer coupled to an Agilent 1200 Series using a high-performance liquid chromatography (HPLC) system with a Leap Technologies HTC PAL autosampler. Metabolic stability in hepatocytes was determined by incubating GS-9451 with a hepatocyte suspension in a supplemented KHB medium (KHB with amikacin, calcium chloride, gentamicin, HEPES, heptanoic acid, and sodium bicarbonate). The final concentration in the incubation was 3 M GS-9451 and 10 6 hepatocytes/ml. The incubation was carried out with gentle shaking at 37°C under a humid atmosphere of 95% air-5% CO 2 (vol/vol). Aliquots of the reaction mixture were taken at 0, 1, 3, and 6 h after the addition of GS-9451 to the cell suspension. The concentration of GS-9451 in each aliquot was determined as described above. Metabolic stability measurements in microsomal fractions and cryopreserved hepatocytes were determined by measuring the rates of disappearance of GS-9451.
Pharmacokinetics and excretion in animals. Animal procedures were performed according to the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources) using protocols approved by the Animal Care and Use Committee. Plasma pharmacokinetics was assessed in Sprague-Dawley rats, beagle dogs, and cynomolgus monkeys after intravenous infusion and oral administration. For intravenous dosing, fasted animals (n ϭ 3) were infused over 30 min with GS-9451 at 1 mg/kg in a vehicle containing 1% ethanol, 1% propylene glycol, 4% Labrasol, 4% Solutol HS-15, and 90% phosphate buffer. For oral dosing, fasted animals (n ϭ 3) were dosed with 10 mg/kg (rats), 4 mg/kg (dogs), or 5 mg/kg (monkeys) in a gavage vehicle containing 5% ethanol, 20% propylene glycol, 30% polyethylene glycol 400, and 45% phosphate buffer. Blood samples were collected at appropriate time points into tubes containing EDTA as anticoagulant. Plasma was separated via centrifugation and stored at Ϫ70°C.
The liver/plasma ratio was determined in Sprague-Dawley rats after an intravenous bolus dose of GS-9451 at 1 mg/kg. Liver and blood samples were obtained from 3 animals per time point. Blood samples were processed as described above. Liver was flash frozen and stored at Ϫ20°C. Biliary excretion was assessed in bile duct-cannulated Sprague-Dawley rats after a 30-min infusion of GS-9451 at 1 mg/kg or 10 mg/kg. Bile, urine, and plasma samples were collected at appropriate time points.
Plasma samples were prepared using protein precipitation with acetonitrile prior to analysis. Liver samples were homogenized in phosphatebuffered saline and precipitated with acetonitrile. After centrifugation, the supernatant was diluted with water containing an internal standard. Urine samples were treated with acetonitrile containing an internal standard, and the supernatant was obtained after centrifugation. Bile samples were diluted with methanol in water, and the supernatant was obtained after centrifugation. Quantitation of GS-9451 was conducted using an API-4000 (Applied Biosystems, Foster City, CA) or TSQ Ultra (Thermo Finnigan, San Jose, CA) liquid chromatography with tandem mass spectrometry (LC-MS/MS) system. The lower limits of quantitation were 1.0 nM for rat plasma and liver homogenate, 10 nM for bile, 4.0 nM for urine, 2.29 nM for dog plasma, and 1.0 nM for monkey plasma. Noncompartmental pharmacokinetic analysis was conducted using WinNonLin (version 5.0.1; Scientific Consulting, Cary, NC).
Metabolite profiling and identification. Plasma, bile, and feces samples were collected after a single oral dose of 14 C-labeled GS-9451 in male bile-duct intact and bile-duct cannulated Sprague-Dawley rats. Radioactivity in the samples was profiled using HPLC with radiometric detection, and metabolites were identified by cochromatography with known standards, as applicable, using LC-MS.
RESULTS
Activity in cellular assays. In multiple GT1a (H77 strain) and GT1b (Con-1 strain) replicon cell lines, GS-9451 had mean EC 50 s of 13 and 5.4 nM, respectively (Table 1) , with minimal cytotoxicity (CC 50 s of Ͼ50,000 nM in GT1a and Ն40,000 nM in GT1b). These data result in a selectivity index of Ͼ27,000 for both GT1a (HSG-51 cell line) and GT1b (Huh-luc cells) ( Table 2 ). To assess the susceptibility of natural HCV variants to GS-9451, a panel of chimeric replicons carrying the NS3 protease gene from HCVinfected patient isolates was tested in a transient replicon antiviral assay. Of the 10 GT1a and 10 GT1b NS3 protease patient isolates tested, GS-9451 displayed potent activity against the GT1a and GT1b isolates with mean EC 50 s of 8.7 and 11.8 nM, respectively (Table 1) . These values are similar to the mean EC 50 of 9.1 nM obtained with the GT1b Con-1 laboratory strain of HCV in the transient replication assay (data not shown) and in stable GT1a and GT1b replicon cell lines (Table 1 ). In addition, the EC 50 of GS-9451 against the least susceptible clinical isolate was Ͻ30 nM (data not shown).
GS-9451 was less active when tested against GT2a HCV. Mean EC 50 s were 316 and 251 nM when GS-9451 was tested against GT2a (JFH-1 strain) subgenomic replicon cells and cells infected with a GT2a (JFH-1 strain) virus, respectively.
Combination studies. To assess antiviral drug interactions, GS-9451 was tested in combination with approved or development-stage anti-HCV agents in a 3-day replicon assay. Antiviral drug interactions that deviated from additivity and reached statistical significance (at 95% confidence envelopes) were quantified using MacSynergy II software. GS-9451 had minor antiviral synergy when combined with IFN-␣ (32 nM 2 ) and moderate antiviral synergy when combined with RBV (54 nM 2 ) (Fig. 1) . Combinations of GS-9451 with nucleoside (GS-6620) (16) or non-nucleoside (tegobuvir [GS-9190]) (17) NS5B polymerase inhibitors and an NS5A inhibitor (ledipasvir [GS-5885]) (43) showed additivity to minor synergy. No additive cytotoxicity was observed when GS-9451 was combined with ledipasvir, GS-6620, tegobuvir, IFN-␣, or RBV at any of the tested concentrations (data not shown).
Cross-resistance. To investigate whether GS-9451 is active against reported HCV resistance mutations, transient transfection experiments were performed using a panel of site-directed mutants, including those resistant to NS3/4A protease inhibitors (35) , as well as those resistant to nucleoside or non-nucleoside NS5B polymerase inhibitors and NS5A inhibitors (36, 37) . The NS3 variants R155K, A156T, and D168V are cross-resistant to GS-9451 (1,480-to 8,321-fold, Fig. 2) ; however, a subset of VX-950-resistant variants (V36A/M, T54A, A156S) remained fully susceptible to GS-9451. GS-9451 retained full activity against vari- ants resistant to various classes of NS5B polymerase and NS5A inhibitors (Fig. 2 ). D168V and R155K are resistant variants identified during GS-9451 in monotherapy (15) . In the case of D168V, this variant was also selected in vitro by BILN-2061 (38) . The R155K variant is resistant to all protease inhibitors described to date (36) . In vitro metabolic stability. GS-9451 was stable in the microsomal fractions of all tested species (t 1/2 Ͼ 395 min) except the monkey, where moderate turnover was observed (t 1/2 ϭ 79 min, Table 3 ). In agreement with the observed microsomal stability, GS-9451 was also stable in human and rat cryopreserved hepatocytes (t 1/2 Ͼ 395 min, Table 3 ).
Pharmacokinetics and excretion. GS-9451 showed good oral bioavailability in rats (62%), dogs (142%), and monkeys (49%). The systemic clearance of GS-9451 was low in dogs and monkeys but high in rats, with intravenous plasma elimination half-lives of 0.62, 4.2, and 3.9 h in rats, dogs, and monkeys, respectively (Table 4) . To characterize the distribution of GS-9451, liver and plasma concentrations were quantified and compared at 2, 6, and 12 h after an intravenous bolus dose in rats. GS-9451 rapidly distributed to the liver with concentrations ϳ40-fold higher than plasma at 2-and 6-h time points (Table 5) ; GS-9451 remained detectable in the liver at 12 h, whereas it was below the limit of quantification in the plasma at this time point. The elimination of GS-9451 was investigated in bile duct cannulated rats by quantification of GS-9451 concentrations in bile and urine, as well as by profiling and identifying the metabolites of GS-9451 in plasma and bile (data not shown). These studies indicated that GS-9451 is cleared primarily through biliary secretion of the unmodified GS-9451 and its acylglucuronide conjugates; very little GS-9451 or its metabolites were found in urine.
DISCUSSION
NS3 protease inhibitors (telaprevir and boceprevir) have become a key component of combination therapies for HCV in GT1 patients. Novel NS3 protease inhibitors are needed to improve treatment with better tolerability and lower drug-drug interactions. ants, as well as a subset of NS3 variants. GS-9451 was serially diluted in DMSO and tested at a high concentration of 50 M ranging down to a low concentration of 0.2 nM. The resistance fold change was calculated as a ratio of mutant EC 50 versus wild-type EC 50 . Columns represent the mean fold increase over the wild-type (wt) from two or more independent experiments. *, C316YϩC445FϩY452H. GS-9451 is a novel acyclic, noncovalent NS3 inhibitor being developed for the treatment of GT1 HCV infection (14, 39) . Our preclinical studies demonstrate that GS-9451 is a selective inhibitor of GT1a and GT1b HCV using both laboratory strains, as well as a panel of NS3 protease gene isolates from 20 patients. Of note, in patient isolates, EC 50 s for GS-9451 were similar against GT1a and GT1b, and we did not observe isolates with markedly reduced susceptibility compared to transient or stable subgenomic replicons. These findings suggest that GS-9451 will have similar efficacy across diverse viruses in GT1a and GT1b patients and are in agreement with recent phase 1b clinical results. The results in the clinic showed that at a dose of 200 mg once daily, median maximal HCV RNA reductions were Ϫ3.2 log 10 in GT1a patients and Ϫ3.5 log 10 in GT1b patients during 3 days of monotherapy (39) . In contrast, GS-9451 has significantly less activity against GT2a (approximately 24-to 58-fold compared to GT1a and GT1b), suggesting that GS-9451 would be less efficacious in this patient population.
Based on the limited efficacy of PEG-IFN plus RBV and the rapid emergence of resistance to most DAAs, clinical research has focused on combination therapies for HCV. Ideally, drug combinations will result in more potent suppression of HCV and prevent the emergence of resistance which will ultimately translate into a rapid and complete eradication of HCV in high proportions of patients. With this in mind, critical preclinical studies used to evaluate new inhibitors include the cross-resistance profile and antiviral drug interactions in combination with other anti-HCV compounds.
The cross-resistance profile of GS-9451 was evaluated against known resistance mutations for several classes of HCV inhibitors. We observed that NS3 variants resistant to other cyclic or acyclic noncovalent NS3 inhibitors (R155K, A156T, and D168V) conferred significant cross-resistance to GS-9451 (1,480-to 8,321-fold); these findings were predictive of resistance mutations that emerged during phase 1b evaluation of GS-9451 (15) . In contrast, a subset of VX-950 resistant variants (V36A/M, T54A, and A156S) remained susceptible to GS-9451, suggesting that it may be possible to re-treat some patients who fail VX-950 with combination regimens, including GS-9451. As expected, GS-9451 retained wild-type activity against all replicons encoding variants resistant to NS5A and NS5B inhibitors, including those that confer resistance to the development-stage inhibitors ledipasvir (NS5A inhibitor), sofosbuvir (nucleoside NS5B inhibitor), GS-9669 (site II non-nucleoside NS5B inhibitor) (40) , and tegobuvir (site III/IV non-nucleoside NS5B inhibitor).
In vitro combination experiments indicate that GS-9451 has additive to synergistic antiviral activity when combined with all other drug classes tested, including standard-of-care agents (IFN-␣ and RBV) and the NS5B inhibitors (GS-6620 and tegobuvir in the present study), as well as sofosbuvir and GS-9669, as reported by coworkers (40, 41) , and NS5A inhibitors (ledipasvir). Importantly, no significant antagonism or unexpected toxicities were observed during any of these in vitro drug combination studies. Overall, results of both cross-resistance and in vitro antiviral combination studies indicate that GS-9451 can be combined with PEG-IFN and RBV, as well as NS5A and NB5B inhibitors. Accordingly, several phase 2 studies are ongoing to investigate the safety and efficacy of GS-9451 in combination with other agents in both interferon-containing and interferon-free regimens.
GS-9451 also demonstrated favorable metabolic and pharmacokinetic properties in preclinical studies. The in vitro metabolic stability (t 1/2 Ͼ 395 min) of GS-9451 in both hepatocytes and microsomal fractions indicates low potential for hepatic oxidative metabolism in humans. GS-9451 also has favorable pharmacokinetic properties in nonclinical species (a plasma t 1/2 of ϳ4 h in dogs and monkeys). Additional profiling in rats demonstrated that GS-9451 was enriched in liver (the site of HCV replication) to ϳ40-fold above plasma concentrations. Studies in bile duct cannulated rats indicated that GS-9451 is cleared primarily through biliary secretion of the unmetabolized parent compound. The constitutive biliary secretion of rats (versus other nonrodent species) potentially explains the substantially shorter plasma t 1/2 observed in rats (0.6 h).
Based on allometric scaling of these preclinical data, GS-9451 was predicted to have a plasma t 1/2 of 6 to 10 h in humans, a finding supportive of once a day (QD) or twice-daily (BID) administration at low doses. During the phase 1b study in HCV-infected patients, GS-9451 was observed to have a median plasma t 1/2 14 to 17 h at doses of 60 to 400 mg administered once daily.
In summary, GS-9451 is a selective inhibitor of GT1 HCV NS3 with favorable preclinical pharmacokinetic properties. These results are consistent with the antiviral activity observed in a recent phase 1b monotherapy study (42) . In addition, GS-9451 has an orthogonal resistance profile, as well as an additive to synergistic in vitro antiviral activity with respect to other classes of HCV in- hibitors. These results support the ongoing phase 2b investigation of GS-9451 in combination with other agents, including PEG-IFN, RBV, tegobuvir, and ledipasvir (NS5A inhibitor), as well as potential future studies in combination with sofosbuvir (nucleoside NS5B inhibitor) and GS-9669 (site II non-nucleoside NS5B inhibitor).
